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HIGHLY EFFICIENT PERMANENT MAGNET BRUSHLESS MOTOR 
Field of the Invention 

[0001] The present invention relates generally to permanent magnet motors, and more 
particularly, to servomotors capable of efficiently producing high torque with low torque ripple 
including both low cogging torque components and low MMF harmonic torque components. 

Background of the Invention 

[0002] Efficiency is always a major goal of any motor design. Ideally, motors would be 
small, powerful with low torque ripple, inexpensive, and energy efficient. This ideal, however, 
cannot be met. For real world designs tradeoffs must be made and goals must be prioritized. 

[0003] When designing high performance servomotors cost, energy efficiency, and size 
are often of lower priority than power and performance quality. Servomotors, generally, must 
produce smooth and powerful torque over a range of speeds on a continuous basis over time and 
on a peak short term basis, without cogging, torque ripple, or speed ripple. Furthermore, many 
servo applications particularly require high torque at low speed with smooth performance. 

[0004] The torque ripple produced from a servomotor in a servosystem, consisting of a 
servomotor and servodrive electronics, has many sources. Generally, the principal sources are 
cogging torques, MMF harmonic torques, and current harmonic torques. The cogging torque is 
due to the variations in permeance as seen by the rotor magnets as the rotor is turned with no 
current applied to the motor. The MMF harmonic torques are a result of the nonsinusoidal 
distribution of the winding turns around the stator, since they are typically placed in distinct 
slots. The current harmonic torques are a result of the drive producing unequal and/or 
nonsinusoidal three phase currents. 

[0005] Traditional servomotors solve the above identified problems by employing high 
speed motors in combination with gearboxes to provide the correct torque speed combination for 
the particular drive application. These motors are designed to run efficiently at high speed where 
cogging, speed ripple, and torque ripple are not a serious issue. A gearbox is used to transform 
the high speed motion of the motor into the low speed/high torque operation required by the 
driven device. 

r 
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[0006] This solution, however, creates inefficiencies of its own, mainly due to the need 
for a gearbox. Gearboxes are expensive, inefficient, noisy, producers of torque ripple which are 
prone to wear requiring additional maintenance expense. The use of a gearbox also prevents the 
tight integration of the motor and the driven device due to the backlash of the gears and due to 
the lower torsional resonances in the required couplings and the gearbox itself. This results in 
lower system bandwidths, reducing the system performance in an overall physically larger 
system with extra room required to house the gearbox. 

[0007] The inefficiencies of a gearbox are avoided by employing a direct drive/cartridge 
motor, see e.g., U.S. Patent No. 6,577,036. Direct drive motors can be bolted directly to the 
driven machine. Thereby, achieving a high degree of mechanical simplicity, mechanical 
stiffness and efficiency. Accordingly, direct drive systems do away with the gearbox, its system 
limitations, and its associated expense. Loss of the gearbox, however, also results in the loss of 
its functional benefits, namely, the ability to run the motor at its most efficient speed and then 
use gearing to provide the required torque at the required speed. As a result, direct drive motors 
must be designed to run optimally at the required speed of the driven device. The low 
speed/high torque applications described above, therefore, require relatively larger motors 
compared to the geared solutions. Also, with the motors running at lower speeds cogging, speed 
ripple, and torque ripple become more significant issues. Of course, the need for a relatively 
larger, more expensive, motor at least partially negates the cost benefit attained by removing the 
gearbox. 

Summary of the Invention 

[0008] The preceding problems are solved and an advance is achieved in the art by 
providing highly efficient motor designs employing optimum slot/pole ratios in the design of 
permanent magnet brushless motors. 

[0009] The unique advantages of the present invention are achieved by providing 
slot/pole ratios that are less than one, but greater than 0.5. These slot/pole ratios enable high 
torque efficiencies. 

[0010] A further aspect of the present invention provides slot/pole combinations that will 
provide superior cogging performance. 
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[0011] A further aspect of the present invention provides slot/pole combinations that will 
provide balanced windings. . 

[0012] A further aspect of the present invention provides slot/pole combinations that will 
provide low total harmonic distortion. 

[0013] A still further aspect of the present identifies slot/pole combinations that will 
result in motors that are easy to manufacture with automatic winding machines. 

Brief Description of the Figures 

[0014] Figure 1 depicts the cross section of a motor in accordance with an advantageous 
embodiment of the present invention. - 

[00 15] Figures 2A-2D are portions' of a chart showing various parameters for exemplary 
slot/pole designs in accordance with the present invention. A chart showing more exemplary 

* ■ 

embodiments is attached as Appendix 1 . 

[0016] Figure 3 is a chart comparing cogging for different slot/pole combinations with 
varying manufacturing tolerances. 

Detailed Description 

[0017] The present invention provides a highly optimized motor design enabling an 
increase in torque compared to a similarly sized motor of traditional design. Additionally, the 
present invention enables motors that provide smooth, ripple free, torque operation at low 
speeds. These advances are provided through unique efficient motor design topologies not found 
in the prior art. 

[0018] The unique aspects of the present invention are best described through reference 
to the attached figures. An exemplary embodiment of the present invention is shown in Figure 1. 
This motor shares many of the features of a conventional permanent magnet brushless motor. 
The wound assembly 1 has permeable laminations with slots 5 and insulated copper wire wound 
in the slots. The insulated wire is wound into coils with a span of 1 tooth, i.e. each coil is wound 
around one tooth. The field assembly 10 has magnetic poles 15 arranged on a permeable 
structure 17. 

. ' 4 

748031 vl 



Docket #0403-4104 

i 

i 

[0019] The present invention achieves its surprisingly advantageous results by enabling 
an optimum design through the informed selection of slot number and pole number 
combinations. In traditional permanent magnet motor designs the number of slots in the machine 
is always greater than the number of magnet poles. This historical result stems from the fact that 
almost all three phase windings were created for induction motors. It is not feasible to create 
induction motors with more poles than slots because the poles are a result of coupling between 
the stator and rotor windings. The development of three phase brushless motor windings 
followed in the induction motor tradition. 

[0020] The present invention achieves its advantageous increase in torque efficiency by 

». . * 

reversing this long accepted practice. Specifically, it has been found that motors designed with 
more magnet poles than slots will provide an increased motor torque for a given amount of 
dissipated power. This is a result of the fewer slots yielding larger slot areas for a given number 
of poles. The larger slot area means that the required slot wall insulation and the phase 
insulation take up a lower percentage of the available slot area, leaving more room in which to 
put copper. It has been found, therefore, that beginning a design with an informed choice of 
slot/pole combinations results in inherently better motors. Furthermore, the benefits stem purely 
from the geometry provided by the slot/pole ratio and its effect on the relationship between the 
motor's wound assembly and field assembly. 

[0021] The slot/pole ratios of the present invention result in additional benefits by 
providing more design freedom in several respects: (1) It allows higher numbers of poles to be 
used, since the tooth length/tooth width is lessened relative to the slot width which is increased. 
The tooth length/tooth width ratio is ultimately limited however due to increasing cross slot 
leakage of magnetic flux causing increasing torque rolloff and inductance, which is also 
exacerbated by the accompanying decrease in slot width. (2) The greater number of poles 
provides more torque due to the shorter end turn length and hence less coil resistance. In addition 
with the shorter end turns more stack can be added within the same overall length including the 

i. 

end turn length (3) The wider tooth allows for a wider range of stator Inner Diameters/Outer 
Diameters (DD/OD's) again because the tooth length/tooth width is lessened 

[0022] The benefits of the present invention are provided by identifying superior 
slot/pole combinations. The particular slot/pole combination best suited for a particular motor 

5 
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will, of course, depend on the specific parameters for a given design such as the outside diameter 
of the permeable laminations and the length of the stack of the permeable laminations, etc. In 

■ - „ 

other words, using the slot/pole combinations identified by the present invention will enable 
benefits for the particular size or speed motor required. The combinations identified will readily 
lead to the best slot/pole combination for the particular motor parameters required. Using the 
identified slot/pole combinations, for example, results in high torque efficiency. The present 
invention also identifies a range of other characteristics that will enable a motor design in 
accordance with the present invention to be tailored to other particular requirements of a given 
application. 

[0023] Figures 2A-2D is a chart showing various parameters for exemplary slot/pole 
designs in accordance with the present invention (a chart showing more exemplary embodiments 
is attached as Appendix 1). The slot/pole combinations depicted on the chart represent 
advantageous starting points that can be used in the design of motors to suit the particular 
application desired. Given that the advantageous slot/pole ratios are less than 1 , these 
combinations assume a coil span of one tooth. For a final motor design, however, the specific 
characteristics which are most important will be dictated by the requirements of the particular 
application. For example, a particular application might require slightly more torque at the cost 
of slightly poorer cogging performance. Figures 2A-2D, and accompanying Appendix 1, guide a 
designer in picking a slot/pole combination to suit a number of design characteristics such as, 
winding balance, cogging, torque, and total harmonic distortion. It not only presents the most 
advantageous slot/pole combinations for a particular design, but also identifies poor slot/pole 
combinations that should be avoided. 

[0024 ] For a particular motor design, for example, one might choose a pole count to suit 
a desired speed performance characteristic. The choice of a particular number of poles is one of 
the fundamental decisions in any motor design. The choice principally depends on the maximum 
speed at which the motor will be required to operate and the maximum frequency the source of 
power can provide. In general, for otherwise similarly designed motors, the greater the number 
of poles the greater the torque that can be produced, both on a continuous and peak basis. 
However, the greater number of poles, the lower the maximum speed of the motor for a given 
maximum frequency of the power source. For example, direct drive motors, generally being 
used at lower maximum speeds, will benefit from higher pole counts. 
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[0025] With a pole count selected the designer can then use Figures 2A-2D, or Appendix 
1, to choose slot/pole combinations to match other required parameters. The designs according to 
the present invention are, therefore, particularly advantageous as the number of poles increases, 
for example 20 or more poles, because larger pole counts provide more slot/pole combinations 
from which to choose. 

[0026] As noted above, optimum torque efficiency is achieved with motors having a 
slot/pole ratio less than 1 . The performance of a motor with a slot/pole ratio less than 1 is much 
better than what is achievable with traditional motor topologies having slot/pole ratios greater 
than one. For example, a 45 slot 40 pole motor, which has a slot/pole ratio of 1 . 125, was tested 
and represents one of the best torque efficiency performances currently available. However a 36 
slot/46 pole motor of comparable size designed in accordance with the present invention 
produces a torque efficiency 36% higher than the known 45 slot/40 pole motor. The benefits of 
smaller slot/pole ratios do not continue indefinitely, as the ratio approaches 0.5 many of the 

benefits of reducing the slot/pole ratio have been eroded by countervailing properties. For 

■ - f 

example, the 36 slot/46 pole motor also has a torque 2.3 times higher than the 24 slot/46 pole 
motor. 

[0027] A number of factors contribute to the optimum torque achievable through designs 
according to the present invention. These factors may cause the ratio that will provide the 
maximum torque to vary from one design to another, however, the maximum torque should 
occur for a design with a slot /pole ratio greater than 0.5 but less than 1 . This optimum occurs for 
the following reasons. 

[0028] First, lowering the number of slots creates more open slot area per pole because 
the required insulation used on the slot walls and between coils of different phases within a slot 
has a fixed thickness. Therefore, in a design with fewer slots the insulation takes up a lower 
percentage of the total slot area. This leaves considerably more area for torque producing copper 
wire to be carried in the wound assembly. This effect is particularly beneficial in designs where 
the wound assembly is carried on the rotor because the space available for copper wire in the 
wound assembly is reduced. The benefits of reducing the number of slots for a given number of 
poles are eventually outweighed by the increase of resistance caused by the longer slot to slot 
distances spanned by the coil and the associated increase in wire length required for the 
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windings' end turns. Effectively, the larger percentage of wire used in the end turns decreases 
the motor's torque because the end turn wire only adds extra resistance to the motor's phases 
without contributing to the motor's torque and limits the stack length of the torque producing 
laminations that can be used. 

[0029] Second, as the slot/pole ratio is reduced the motor winding becomes more and 
more over pitched. In other words, as the slot/pole ratio is reduced, the spanned pitch of each 
coil remains the same at one tooth, while the pole pitch is reduced and therefore the pitch factor, 
Kp, is also reduced. Kp is equal to the sin(l-(pitch pu-l)*9G.O) and is directly proportional to 
output torque, where pitch pu = (span pitch/pole pitch). The torque of a brushless motor can be 
shown to be as follows: 

T - m * (d ^/dt) * I 

Where m = a constant of proportionality 

V|/ = Kp* f(geometry, material properties) 

I = rms phase current 

[0030] Therefore, the motor torque is directly proportional to the Kp factor. Figures 2A- 
2D, and Appendix 1, list the Kp for each slot/pole combination. However, just like the increase 
in resistive losses discussed above, the benefits of reducing a motor's slot/pole ratio is tempered 
by the countervailing torque loss caused by the increased motor pitch. 

T 

[0031] Beyond the maximum achievable torque, a number of other considerations may 
dictate whether a particular slot/pole design is, or is not, suitable as a servomotor. One of the 
most important factors in designing a high performance servomotor is ensuring that cogging is 
reduced to a minimum. The cogging issue is somewhat more troublesome for direct drive 
motors since the electrical frequency at which they operate is somewhat lower. Motors designed 
in accordance with the present invention can compensate for this by screening possible slot/pole 
combinations for cogging performance. A first approach for determining the cogging 

■ 

performance of a motor is whether the ratio between the slots and the poles is a non-repeating 
decimal. Non-repeating decimal ratios have better cogging performance than those in which the 
ratio ends or repeats. For example, a 36 slot 48 pole motor, which has a ratio of 0.750, will have 
poorer cogging performance than a 36 slot 46 pole motor, which has a ratio of 0.7826086957. ... 

. 8 
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[0032] Another approach provides a quantitative result for determining the performance 
of a particular slot/pole design, using an equation to generate a cogging value (Ct). Figures 2A- 
2D, and Appendix 1, list the Ct for each slot/pole combination. Oris an objective figure of merit 
that can be used to determine the relative cogging performance of various slot/pole 

■ 

combinations. Ct is determined by using the equation C T = p Q s /N c . The variables are, (1) p = 
the number of motor poles, (2) Q s = the number of slots, and (3) N c = the least common multiple 
between the slot number and the pole number (i.e. the smallest non-zero number that is a : 
multiple of both the slot number and the pole number). For a given number of poles the Ct value 
can be determined for various slot number choices. The lower the Ct value for a given slot/pole 
combination the better the final motor's cogging performance. 

[ 0 0 3 3 J The C T can be determined for various slot/pole combinations .incorporating the 
desired pole count. Surprisingly, it has been found that motors with a slot/pole ratio of exactly 

0. 75 will have significantly higher Ct values compared to other available slot/pole combinations 
with ratios less than 1. For example, as shown in Appendix 1, the 16 pole 12 slot (0.75 ratio) 
design has a Ct = 4 which is the highest Ct for the 16 pole motors with slot/pole ratios less than 

1. This trend continues with the 32 pole/24 slot C T = 8; 40 pole/30 slot C T = 10; 44 pole/33 slot 

b - 

Or = 1 1; 48 pole/36 slot Ct = 12; and 52 pole/39 slot Ct = 13. In each of these cases designs 
with ratios near 0.75, but hot exactly 0.75, have much better cogging performance. While 0.75 

* 

slot/pole ratio designs can employ other techniques to reduce cogging, such as skewing, they will 

, r 

i 

always require more effort and more extensive cogging reduction techniques to achieve the low 
cogging torques achieved by similar motors having a slot/pole ratio that results in a lower Ct 
value. 

[0034] Figure 3 depicts the effect of manufacturing tolerances on the cogging of the 
motors. As can be seen, the 0.75 slot/pole ratio motor not only has inherently poor cogging it 
also requires a high degree of manufacturing precision because any slight imperfection in the 
construction of the 0.75 motor will result in vastly higher cogging torques compared to the same 
changes in a low Ct motor. Thus, it is inherently more difficult to achieve a given level of 
cogging in a design with a 0.75 slot/pole ratio than it is with the a slot/pole ratio having a lower 
C T . 

» 
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[0035] As seen in Figure 3 , it is still possible to achieve low cogging values even with 
the 0.75 combination. It can be achieved by using magnets with ideal magnet location within an 
optimized radius on a center, which is not the center of the rotor on the side of the magnet facing 
the airgap. This radius is smaller than the radius that will just enclose the magnet from the rotor 
center. Radiusing the magnets in this way, reduces the total rotor flux since the average airgap 
has been increased. This means the motor torque efficiency has been reduced with other 
parameters being held constant. 

[0036] As can be seen from Figure 3, however, the cogging of the 30 slot/40 pole 
combination is more sensitive to variation of the machine geometry. In this case if one of the 
magnet poles is shifted into the air gap by 0.005" the cogging of the 36 slot/46 pole combination 

r 

increases by 1 .59 times which is less than the 1 .9 times increase of the 30 slot/ 40 pole. In 
addition if the rotor OD were to be ground to reduce the variation in geometry (remove the .005" 
high magnet), it would increase the cogging by more than 9 times, whereas in the already round 
rotor, the cogging would decrease. 

[0037] Skewing is another option to reduce the cogging of the 0.75 combination (as well 
as the 36/46 combination). Skewing has two disadvantages: (1) It reduces the torque efficiency 
of the motor with other parameters being held constant; (2) It can be much more difficult to 
machine wind. 

[0038] The inherently poorer cogging and higher sensitivity to parameter variation of the 
0.75 design makes it a much less desirable slot/pole combination as compared to approximately 
equal ratios which have lower (Vs. 

[0039] Still, further design considerations must be addressed to achieve a desirable 
motor. The slot/pole combinations depicted in Figures 2A-2D also identify motors with 
maximum parallel paths. Slot pole combinations with a maximum parallel path of 1 will have 
fewer turns per coil and require larger wire size to fill the slot to a given percentage with wire 
than a winding with 2 or more parallel paths. This can result in motors that are more difficult to 
wind with an automated winding machine depending on the type of machine, since it must pull 
larger wire and it requires larger slot opening through which to place the wire reducing the 
torque efficiency of the machine. Thus, a designer should avoid these slot/pole combinations if 
that is a concern. 

10 
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[0040] The slot/pole combination can, also, be preferably chosen to enable a balanced 

winding with the appropriate number of poles to be created. Figures 2A-2D, and Appendix 1, list 
the slot/pole combinations that give balanced windings with all slots filled, those with zero 
values in the chart. An unbalanced winding will result in: (1) significant torque ripple when the 
balanced sinusoidal currents generated by a typical drive are applied to it; (2) uneven heating of 
the motor during operation; and (3) circulating currents when the windings are delta connected. 
A three phase motor with Qs slots where Qs is a multiple of three, will have Qs/3 coils in each 
phase. The goal in achieving a balanced three phase winding is to place the coils of the phases in 
given slot locations around the stator, such that two criteria are met: (1) the total generated 
voltage from the series/parallel combination of coils comprising each of the three phases are 
equal (2) the voltages are displaced in time phase by 120 electrical degree. This can be 
accomplished by inspection, tabular methods or computer programs. It is also possible to create 
nearly balanced windings where the number of slots is not divisible by three. This may be 
accomplished by having one or two additional slots and teeth, but where there is not a coil 
wound around these additional teeth. 

[0041] Figures 2 A-2D, and Appendix 1 , also list the slot/pole combinations that produce 
balance winding without requiring all slots to be filled. Though not theoretically perfectly 
balanced, they can be made close enough to be practically effective. Other slot/pole winding 
combinations, however, exist that would be electrically unbalanced phase to phase. These would 
vary from somewhat imbalanced to large phase imbalances, in either case causing less desirable 
to extremely poor performance. These combinations would have had a zero value in the 
balanced winding column, but have been screened from the list. This is why not all possible 
combinations greater than 0.5 and lees than 1 .0 are shown on the chart. 

[0042] One further consideration in the winding selection is the waveform of the MMF 
created by the winding when perfect three phase sin waves of current are applied to the winding. 
This is equivalent to looking at the waveform of the generated voltage of the winding when a 
perfect sinusoidal source of flux is used. The goal when using the motor with a three phase 
sinusoidal current source is to have a sinusoidal generated voltage waveform with no harmonics. 
With slotted stators and equal number of turns per coil, it is not possible to achieve the goal of 
zero harmonics, only to approach the goal. Total harmonic distortion, or THD is a measure of 
this goal. It is defined as: 

11 
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THD = V((V 2 /Vi) 2 +(Vi/V x f + (V 4 /V,) 2 + (V5/V,) 2 + (V 6 /V,) 2 + (V 7 /V,) 2 . . .)/V { % 

[0043] Where V 1 , V2, V3 are the fundamental and higher order harmonics of the 

generated waveform. THD is shown in Figure 2. Clearly, lower values are better. This becomes 
another important criterion to use when choosing desired windings. 

[0044 J As described above, the design according to the present invention are particularly 
well suited for high torque - low speed - motors. Guided by the approaches described by the 
present invention two exemplary motors have been designed, built and tested. The first motor is 
a 36 slot 46 pole design with a 12 r 5" stator lamination outer diameter, an 8.1" stack length, and 
0.045" air gap. The second motor is a 30 slot 38 pole design with a 8.6" stator lamination outer 
diameter, a 5.8" stack length, and 0.040" air gap. The finished motors had a Km of 23.9 and 
6.73 respectively. Km is an objective figure of merit for electric motors that represents a ratio of 
the torque produced by the motor to the power dissipated. Km is equivalent to the continuous 
torque of the motor when the heat transfer away from the motor, i.e. power dissipated, is held 
constant, therefore, a higher Km represents a more efficient motor. Km is defined as 




. The above stated Km performance of the motors designed in 



accordance with the present invention is superlative for motors of this size. 

[0045] The many features and advantages of the present invention are apparent from the 
detailed specification, and thus, it is intended by the appended claims to cover all such features 
and advantages of the invention which fall within the true spirit and scope of the invention. 

[0046] Furthermore, since numerous modifications and variations will readily occur to 
those skilled in the art, it is not desired that the present invention be limited to the exact 
instruction and operation illustrated and described herein. Accordingly, all suitable 
modifications and equivalents that may be resorted to are intended to fall within the scope of the 
claims. 
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